The ability to control the orientation, morphology, and electrophysiological characteristics of neurons in culture allows the construction of neural circuits with defined physiological properties. Using microfluidic protein deposition onto chemically modified glass, we achieve the controlled growth of Aplysia neurons on geometrical patterns of poly-L-lysine and collagen IV, surrounded by nonadhesive regions of bovine albumin. We investigate the parameters essential for forming functional neuronal networks, the morphology, biochemistry, and electrophysiology under engineered cell culture conditions. We demonstrate that not only the orientation of neurite extension but also the number of primary neurites originating from the cell soma, their length, and branching pattern depend on the spatial constraints presented by the size and shape of the adhesion region on the patterned substrate. In addition, the physicochemical properties of the support layer influence the electrical activity of the cultured neurons. Substrate-dependent changes in the amplitude and in the dynamic parameters of the action potential cause decreased spike broadening in patterned neurons, which reflects changes in the number or functioning of active membrane ion channels. In contrast to morphology and electrophysiology, the neuropeptide content, as determined by mass spectrometry of individual patterned neurons, is not affected by the growth on patterned surfaces. Our results suggest that the morphological and electrophysiological parameters of neurons can be predictably altered/engineered by modulation of the chemical, physical, and topographical features of culture substrates. We also demonstrate that a full suite of techniques is required for functional characterization of neurons on engineered substrates.
encountered by a growing neurite, and as a result, selective localization and precise control of the architecture of multiple cells in culture (1, 2) . During almost 30 yr of research on surface engineering and cell patterning, the focus has been on the development of microfabrication methods and the efficiency of microfabricated surfaces to control the spatial overlay of cell adhesion and extension. Although it has been demonstrated that neurons can conform to a growth-guiding pattern on a substrate (3), little is known on how the extracellular stimuli control the shape and physiological properties of individual neurons during formation of a precise neuroarchitecture on micropatterned surfaces. In part, this is true because mammalian neurons that have been the focus of cell patterning studies to date are small and thus difficult to study at the single cell level. To our knowledge, just a few studies quantitatively addressed the influence of a spatial constraint on morphological characteristics of neurons on patterned substrates (4, 5) and the effects of patterned substrates on the neuronal excitability in neuronal networks or brain slices (6) (7) (8) (9) (10) . Therefore, the aim of this study is a comprehensive examination of structural organization and functioning of individual neurons on micropatterned surfaces.
We apply a unique combination of computer graphical analysis, electrophysiology, and mass spectrometry to gain deeper insights in responses of individual neurons to surface cues presented by a microengineered substrate. We have chosen to work with large (50-80 µm) Aplysia bag cell neurons (BCNs) because they are functionally and morphologically homogeneous in vivo, and functionally regenerate in culture without serum or growth factors (11, 12) , and have large growth cones with well-defined organization of cytoplasmic domains and cytoskeleton (13) . Biophysical and biochemical properties of individual BCNs can also be examined in relation to neuropeptide content and release (14) . Using optimized methods of surface chemistry and soft lithography (15, 16) to generate patterned cell culture substrates, we channel the neurite growth from Aplysia BCNs into tracks of a preferred substratum and then measure the cellular morphometric and electrophysiological parameters and the neuropeptide profile. The results of this integrated approach suggest that the morphology of neurites can be manipulated by the dimension and geometry of the surface pattern and that the physical and chemical details of microfabricated support layer influence the operation of cell ion channels and thus can be used to manipulate the excitability of neurons and their assembles in culture.
MATERIALS AND METHODS

Fabrication of the microfluidic device
Fabrication of poly(dimethylsiloxane) (PDMS) microfluidic devices via rapid prototyping is outlined elsewhere (17, 18) . Briefly, a master pattern of SU-85 photoresist (Microchem) on Si was formed by photolithography and a transparency mask with a height of ~10 µm and width and length dictated by mask pattern. The master was modified by vapor exposure to tridecafluoro-1,1,2,2-tetrahydro-octyl-1-trichloro silane (Gelest) before PDMS prepolymer (Dow Corning) was poured over it to an average thickness of 2 mm. After the polymer cured, the device was cut and peeled from the master. Reservoir holes were punched through the PDMS channel outlets with a 3 mm dermal biopsy punch.
Substrate modification and protein patterning
Glass coverslips (18 mm, No. 2) were cleaned with piranha solution (3:1 H 2 SO 4 :H 2 O 2 ), rinsed, and then dried with N 2 . The coverslips were then immersed in a 2%-solution of 3-aminopropyltriethoxysilane (Sigma) for 30 min, rinsed, and dried with N 2 . The treated glass was cured for 1 h at 110°C, allowed to cool, and then placed in a 2%-solution of glutaraldehyde (Sigma) for 30 min and subsequently rinsed and dried. The PDMS devices were washed with streams of acetone, isopropanol, and water and dried before they were sealed reversibly to the modified substrate via conformal contact. Solutions of 0.1 mg/ml poly-L-lysine FITC-conjugate (PLL, MW 68 600, Sigma) and Collagen IV Oregon Green-conjugate (MW 120 000, Molecular Probes) were made in artificial seawater (ASW: 460 mM NaCl, 10 mM KCl, 10 mM CaCl 2 , 22 mM MgCl 2 , 26 mM MgSO 4 , 10 mM HEPES, pH 7.8) and introduced to the reservoir hole (~20 µl). The entire device was placed under vacuum (~125 Torr) to fill it via the channel outgas technique (COT; ref 19) . The filled device was allowed to sit for 1 h and then washed with water or buffer and exposed to vacuum to dilute the protein solution remaining in the microchannels. The PDMS device was quickly peeled away, and the substrate was rinsed with buffer and water and dried with N 2 . After patterning, each substrate was exposed to a solution of 0.1 mg/ml BSA (Sigma) to block nonpatterned areas. Biospecificity of immobilized collagen was tested with an immunoassay using monoclonal mouse anti-collagen, type IV, and anti-mouse IgG-TRITC antibodies (Sigma) and was determined to be positive. Fluorescent patterns were imaged with an Olympus AX-70 epifluorescence upright microscope equipped with an Optronics MagnaFire digital camera.
Dissociated cell culture
Aplysia californica weighing 180-220 g were collected off the seacoast (Santa Barbara, CA) and kept in a tank with aerated and circulated seawater (Instant Ocean). For dissection, animals were anesthetized by an injection of isotonic magnesium chloride solution. BCNs were mechanically dissociated from bag clusters after 2 h incubation in 0.1% protease IX (Sigma) in ASW at 37°C. Neurons, 15-25 per culture dish, were plated on 18-mm square glass coverslips patterned with immobilized fluorescent PLL/BSA or collagen/BSA patterns. For comparison, BCNs were plated on glass coverslips pretreated in PLL or collagen solutions identical to those used for protein patterning. All plated cells were maintained at room temperature for several hours and then at +14°C for 3-7 days in 50% Leibovitz-15 culture medium supplemented with salts and antibiotics in ASW. In a series of six experiments, we examined 12 BCN cultures plated on surfaces patterned with PLL-FITC, 12 cultures plated on surfaces patterned with Collagen IV Oregon Green conjugate, and 6 cultures on uniform surfaces. The outgrowth from each cultured neuron was photographed on day 3 of each experiment using either a Zeiss Axiovert 100 inverted microscope (Carle Zeiss) equipped with a Roper Scientific Coolsnap fx color camera (Roper Scientific) or a Zeiss Axiovert 25 equipped with a Zeiss Axiocam MRC color camera (Carle Zeiss). Images were adjusted for brightness/contrast in Adobe Photoshop 6.0 (Microsoft). Neurolucida and NeuroExplorer software (MicroBrightField) was used to assess the morphology of each cultured neuron. Statistical comparisons were made with the Student's t-test.
Electrophysiology
Glass microelectrode intracellular recording was used to characterize the electrophysiological parameters of neurons cultured on patterned and uniform substrates. The detailed procedures are described elsewhere (20) . Briefly, intracellular recordings and stimulation were made after 3 days in culture using glass microelectrodes (8-15 MΩ) pulled from 1 mm borosilicate glass capillaries (WPI, Sarasota, FL) and filled with 506.2 mM KCl and 5 mM HEPES solution (pH 7.6). Signals were amplified with an Axon Instruments (Foster City, CA) AxoClamp 2B amplifier, monitored, and stored with a Millennia Plus computer (Micron Electronics, Nampa, ID) using a Digidata 1200A D/A-A/D converter (Axon Instruments, Foster City, CA). The software package pClamp 8 (Axon Instruments) was used for data acquisition and analysis. Records were digitized at 5 kHz and filtered with a low-pass Bessel filter (10-kHz cutoff frequency). After the microelectrode impalement, the membrane potential was measured and manually clamped at -50 V in current clamp mode. Action potentials were stimulated in normally silent cultured BCNs by current injection (30 square pulses of 58.5 msec and 0.1-0.5 nA with interpulse interval of 132.6 msec). All experiments were performed at room temperature (23-24°C), and the results were analyzed using a Student's t test.
Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF)
For mass spectrometric analysis, live cultured neurons were treated with 30% glycerol in ASW (21), detached individually from the substrate by electrolytically sharpened tungsten needles, and transferred onto a gold sample plate for analysis. The excessive liquid was removed by vacuum aspiration, and 0.3 µl of a matrix solution (2,5-dihydroxybenzoic acid, DHB, 50 mg/ml in 80% acetone) was applied. Positive ion mass spectra of single cell samples were acquired using a Voyager DE STR mass spectrometer (PE Biosystems, Framingham, MA) in linear and reflectron modes with external mass calibration. Peak assignments were made on the basis of correspondence of observed masses to the calculated masses of predicted peptides. Figure 1A schematically depicts the method used to generate the chemically defined geometric patterns of fluorescent PLL and vertebrate collagen IV surrounded by nonadhesive regions of BSA on a glass surface. Glass coverslips were first activated by treatment with the amineterminated silane followed by reaction with the bifunctional cross-linker glutaraldehyde (22) . A PDMS microfluidic device was conformally sealed to the substrate and filled with a solution of fluorescent-labeled PLL or collagen using the COT technique, which allowed us to use PDMS in its native form, without additional chemical treatment required to alter its hydrophobicity. This method requires only a small volume (20 µl) of protein solution to fill the microfluidic device and generate a protein pattern that covers more than 1 cm 2 . Approximately half of this volume remains after the filling and can be reserved for further analysis. The covalent immobilization of the protein molecules was achieved via interaction of the aldehyde-covered surface with the free amino groups from the side chain of basic residues. In comparison to nonspecific protein deposition widely used in microfluidic surface fabrication, the covalent protein immobilization has the added advantage of stability and structural homogeneity of the generated patterns. The multiline device used in these experiments was comprised of ~20 parallel channels, each filled from a common perpendicular channel as illustrated in Fig. 1A . The pattern line width of 105 µm and spacing of 95 µm were chosen to allow the entire cell soma (50-80 µm in diameter) to adhere to a single line and to be separated from the other cells by a distance equal to at least one soma diameter. Fluorescently labeled proteins provide a direct and easy visualization of the patterns. Representative fluorescent micrographs of the center regions of the described patterns are shown in Fig. 1B and C. The protein concentrations were chosen so as to yield a uniform coverage of the bound proteins across the pattern (we found with low protein concentrations, depletion effects lead to a formation of a gradient in protein coverage; ref 23) . The model cells, Aplysia BCNs, demonstrated some ability to adhere, survive, and even grow to some extent on glass treated only with amine-terminated silane and glutaraldehyde. Therefore, to restrict cellular adhesion to the desired regions, bovine serum albumin was immobilized between the adhesive protein lines using a subsequent flood exposure to a BSA solution. We used these patterned surfaces as culture substrates for the investigation of the directed neuritogenesis by Aplysia neurons.
RESULTS
Microfluidic fabrication of patterned cell culture substrates
Analysis of guided growth and pattern-specific morphology of cultured neurons.
We find that BCNs readily adhere and regenerate neurites when plated on substrates bearing geometrical patterns of fluorescently labeled PLL or collagen IV ( Fig. 2A and D, respectively) , although cell adherence and survival was obviously lower on collagen patterns (data not shown).
To analyze the pattern-dependent differences in BCN morphology, we use computer graphical analysis of live cultures to measure the orientation of newly formed neurites and quantify their branching patterns. A Fan-In projection onto a half-plane of branching patterns of neurites (24) demonstrates that BCNs plated on micropatterned substrates direct their neurite outgrowth in the preferred orientation aligned to the growth permissive lines and deviate mostly within the line width ( Fig. 2B and E) . Neurons plated on uniform substrates, in contrast, orient their neurites randomly ( Fig. 3B and E) . The polar histograms define the spatial geometry of the outgrowth for all neurites in a culture dish in terms of the length in a particular direction relative to a fixed point (25) , thereby revealing the spatial distribution of outgrowth. Figure 2C and F shows that neurons plated on the patterned surfaces exhibit highly anisotropic outgrowth strongly biased in the direction of the surface pattern. Neurons on regular surfaces, in comparison, exhibit a relatively uniform distribution of the amount of outgrowth in all directions ( Fig. 3C and F) . We find that the average neurite outgrowth measured by total branch length per cell is significantly lower for neurons cultured on patterned surfaces (Fig. 4A) . The mean length of a neurite on the patterned substrates is also significantly shorter (Fig. 4A) . In the Aplysia central nervous system (CNS), and when cultured on uniform growth permissive substrates, BCNs are usually multipolar and extensively branched (Fig. 3A and D) . It is striking that neurons on micropatterned surfaces have fewer primary neurites that originate from the cell soma and fewer branch points bound per primary neurite (Fig. 4B) . The tendency to reduction of branching is prominent on both PLL and collagen patterns ( Fig. 2A, B, D, and E) and, in fact, conceals the earlier described differences in cell morphology expected for neurons on uniform collagen (Fig.  3A and B) vs. those on uniform PLL ( Fig. 3D and E; ref 26 ). Neurons grown on patterns of PLL or collagen IV never reached the same degree of outgrowth as BCNs plated on analogous conventionally prepared substrates, even if kept in culture for a considerably longer time (up to a week; data not shown). Neurons on patterned surfaces generally have thicker neurites. This difference in the thickness of the primary neurites was evident even in long-duration cultures.
Substrate-dependent changes in electrophysiological properties of cultured neurons
The action potential (AP) is a fast depolarization and repolarization of the electrical potential across the neuron plasma membrane in response to extracellular stimuli or intracellular events.
We measured and compared the important dynamic parameters of the AP, such as the amplitude, rise time, maximum left slope, maximum half-width, maximum right slope, and decay time to characterize the excitability of neurons grown on patterned and uniform substrates. We found that all neurons studied in comparison groups maintained a negative membrane potential, generated APs upon repetitive positive current injections, and exhibited a progressive increase in duration of individual spikes in a train of 30 APs (broadening). Neurons cultured on uniform PLL and collagen IV substrates exhibited a similar set of AP parameters, which indicates that chemistry of uniform substrates does not selectively effect the main mechanisms of neuronal homeostasis. In contrast, our patterned surfaces modulate the excitability of neuron plasma membrane via changes in individual electrophysiological parameters. For instance, neurons cultured on PLL patterns exhibit a significantly smaller broadening of the AP due to a faster AP repolarization (AP falling) phase (Fig. 5A ) than the neurons grown on regular PLL substrate. In particular, the decay time of the AP peak value, 10.0 ± 2.0 msec, the right slope of repolarization curve, 103.1 ± 11.5 msec, and the half width of the AP peak, 17.0 ± 3.8 msec, were decreased from respective comparison values of 27.9 ± 5.6, 118.9 ± 13, and 25.7 ± 5.0 msec observed in neurons on regular PLL. Figure 5A presents the data on decay time and reveals a tendency for electrophysiology changes observed in patterned neurons to develop gradually in a series of repetitive cell stimulations. Therefore, all the parameters are compared for the last measured AP in a series of 30.
The neurons on collagen patterns differ in their electrophysiology, if compared with neurons on uniform collagen substrates. For example, AP decay time is not altered (Fig. 5B ) and changes in other parameters determining the duration of individual spikes are not significant. As a result, the decrease in broadening in these neurons is not obvious. Nevertheless, neurons on collagen patterns exhibited a significantly less negative membrane potential (-33.8 ± 5.7 vs. -40.6 ± 6.2 mV in control neurons) and a smaller amplitude of the AP (80.4 ± 3.7 vs. 90.7 ± 4.1 mV in the control). In addition, the development of AP is different because the time point of the maximum of the left slope of the depolarization (AP rising) phase increased to 81.6 ± 2.6 msec (as compared with the 78.0 ± 2.0 msec value measured in the control group on uniform substrates).
Neuropeptide content is not affected in neurons on patterned substrates
BCNs have been shown to express and release a number of bioactive peptides (27) . We used single cell MALDI-MS to compare the neuropeptides in the BCNs cultured on uniform and protein bearing patterned substrates. In all sample types, the expected peptides were observed (Fig. 6) , namely, egg laying hormone (ELH), acidic peptide, α-, β-, γ-, and ε-bag cell peptides. These peptides are synthesized by BCNs in vivo (27) and have been confirmed in freshly isolated and cultured BCNs by mass spectrometry (28) .
DISCUSSION
Functional recovery of cultured neurons depends on a number of factors, both intrinsic and extrinsic to neurons. Many insights to cell-surface interaction have been uncovered using classical cell cultures on uniform substrates. For example, it has been demonstrated that different adhesion molecules have profoundly different effects on growth cone morphology (29) . Gruenbaum and Carew (26) showed that the morphology of the Aplysia BCNs and their response to soluble growth factors in a classical low density culture are significantly and measurably dependent on chemical nature of the substrate. Mattson and colleagues (30) demonstrated that the nature of the growth substrate can specifically influence the neurite sprouting, elongation, and growth cone motility in identified Helisoma neurons. However, the behavior of growing neurites and biology of individual neurons on micropatterned surfaces is not well understood. The degree to which the cell morphology and growth is promoted or hindered by a pattern, biased in the direction of a pattern, or how the micropattern exerts its influence at the level of a single neuron yet has to be elucidated. Also important, how does an engineered environment effect the formation of neuronal networks in terms of cell to cell signaling, as determined both by the electrophysiological properties and signaling molecule complement of the neurons?
Here we quantitatively examine the structural and functional characteristics of Aplysia neurons to determine the biological effect of limited growth area and mechanical stress imposed on cultured patterned neurons in addition to the chemical features of the substrate. Our intriguing finding of decreased neurite branching on micropatterned substrates may illustrate the simplification of structural organization of patterned neurons. The observed preference in the orientation of neurite outgrowth and simplification of the cellular morphology reflects that spatial constraints exerted by the growth-guiding pattern serve as a primary factor in determining the morphology of neurons on micropatterned surfaces. Our findings extend the earlier work of Clark and coworkers (4), who reported that chick embryo brain neurons conformed to laminin patterns in vitro exhibit a simple bipolar morphology. Shorter and thicker neurites formed on patterned substrates may indicate an overall slower growth rate. Interestingly, a similar inverse correlation between the degree of alignment and extent of growth had been demonstrated earlier for the outgrowth halo of chick dorsal root ganglion explants cultured on laminin patterns (5) . Therefore, we conclude that, in contrast to uniform substrates, the shape and size of the growth permissive region on a micropatterned substrate play a dominant role in the production of primary neurites and determines their branching pattern in the direction of extension.
What is the influence of the patterned substrate on the electrophysiological properties of the neurons? Localized extracellular stimuli that a neuron senses upon attachment to the substrate induce the cytoskeletal rearrangements in the growth cone, which in turn may initiate a cascade of intracellular reactions associated with the changes in cellular function (31) . Results obtained in classic cultures on neuroblastoma cells support a role for the ECM environment in the maintenance of the membrane resting potential and membrane excitability in NG108-15 cells (32) . The interaction between the components in the ECM and cell surface receptors has been shown to contribute to neural regeneration, synaptogenesis and neural plasticity in culture by altering the neuronal pacemaker properties, intracellular free Ca 2+ levels, and voltage-gated Ca 2+ currents (33) . However, studies on mammalian neurons grown on patterns of polylysine (34) or adhesion peptides (7, 10) have shown that electrophysiological properties of these neurons are similar to those observed for neurons in classical low density cultures. As neurons are heterogeneous within the CNS and vary significantly between species, it may be that the results from one neuron type or model cannot be directly related to properties expected for other model systems.
We find that the properties of microfabricated substrate influence the electrical activity of Aplysia neurons. Patterns of immobilized PLL and collagen IV induced similar changes in cellular morphology but evoke significant changes on the electrophysiological parameters. For example, substrates with patterned collagen induced changes in the depolarization phase of the APs, which can be related to the alterations in activity and/or expression of Na + and/or Ca 2+ voltage-gated ion channels involved in formation of this phase. Likewise, in neurons cultured on PLL patterns, electrophysiological changes were observed in the repolarization phase of the AP and thus can be attributed to modulations in the activity and/or abundance of K + and Ca 2+ ion channels. Gradual broadening of individual spikes in a train of APs, which is a characteristic feature of peptidergic neurons, is associated with the enhancement of neurotransmitter release (35). Our observation of a decrease in AP broadening in neurons on PLL patterns suggests that the ability of cultured BCNs to release neuropeptides is modulated by the support layer. On the other hand, prevention of spike broadening in Aplysia peptidergic neuron R20 by a dynamic voltage-clamp has been shown to reduce the chemical synaptic transmission (36) . Although in our experiments synaptic contacts could not be investigated due to intentionally low cell seeding density, we assume that decreased broadening in neurons grown on patterned substrates could result in weaker excitatory postsynaptic potentials (EPSPs) that may lead to reduction in signal transmission between cells. Similar phenomenon was demonstrated for Lymnaea neurons cultured on surface patterned lithographically with unidentified endogenous growth factors (6) . In the future, it will be important to investigate the ionic mechanism responsible for the reduction of spike broadening described above and to test the mechanical effects of growth guiding micropatterns on the functioning of stretch-sensitive ion channels.
It appears that the physical and chemical features of the surface contribute to the observed changes. Nonspecific protein adsorption employed in conventional substrate preparation results in random orientation of molecules on the surface. In protein immobilization procedures using covalent interactions, protein molecules are linked to the surface at particular sites, which likely results in a more ordered orientation of molecules on the surface. Cell binding domains may be hindered or exposed differently in the later case, ultimately leading to differential cellular response. This is especially relevant to the collagen IV patterns investigated in this work, as the control immune binding study clearly demonstrated the preservation of the biospecificity of collagen IV on these patterns. Changes in the conformational state of covalently immobilized PLL may also modulate the cellular response of cultured neurons via changes in surface nanotopography or via redistribution of charged PLL sites on the substrate surface. The observed variations in the membrane excitability in neurons on generic and patterned substrates with the same adhesion molecule might be attributed then to the differences in molecular conformation that alter the interaction with cell receptors. Differences in electrical properties between neurons grown on different protein patterns, PLL, and collagen IV, may reflect the influence of the chemical nature of the ECM.
Cell-to-cell signaling in neurons involves the release of neurotransmitters and neuromodulators upon the appropriate electrical stimulation. We have already established that the electrical properties leading to neuropeptide release change depending on substrate details. Next, we determine if the complement of signaling molecules changes under these different culturing conditions. In the BCNs, a suite of neuropeptides are produced from a large precursor protein that undergoes posttranslational enzymatic cleavage to generate mature peptides (37, 38) . To confirm the biochemistry of the neuropeptides, we measure the neuropeptide content of individual neurons cultured on micropatterned surfaces using unique single cell MALDI MS protocols developed in our laboratories (28) . The similarity in the neuropeptide profiles between BCNs from generic and patterned culture substrates suggests that the neuropeptide processing pathways in patterned BCNs are not affected and, apparently, are regulated independently of intracellular mechanisms sensitive to the factors imposed by the patterning protocol.
We conclude that by controlling both shape and chemistry of the surface, the electrophysiological, morphological, and biochemical properties of individual neurons can be independently studied and manipulated in culture. We suggest a novel idea that the physical and chemical details of microfabricated support layer influence the operation or type of cell ion channels present in the neuron membrane and thus can be used to manipulate the excitability of neurons and their assembles in culture. However, more research in this direction is required and our experimental setups may serve as templates for further investigations of surface-cell interactions while helping to define rules for a rational design of model surfaces for construction of neural circuits with defined physiological properties. Controlled modeling of cellular transmission in vitro can be beneficial for fundamental research when used for reconstruction of the neuronal circuit where just a few identified neurons may reveal roles played by individual synaptic components in generating a particular behavior of an animal. 
